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ABSTRACT
In this paper we explore the effects of self-obscuration in protostellar disks with a radially decreasing temperature gradient
and a colder midplane. We are motivated by recent reports of resolved dark lanes (‘hamburgers’) and (sub)mm spectral indices
systematically below the ISM value for optically thin dust αISM = 3.7. We explore several model grids, scaling disk mass and
varying inclination angle i and observing frequency ν from the VLA Ka band (∼ 37 GHz) to ALMA Band 8 (∼ 405 GHz).
We also consider the effects of decreasing the index of the (sub-)mm dust opacity power law β from 1.7 to 1. We find that a
distribution of disk masses in the range Mdisk = 0.01−2 M is needed to reproduce the observed distribution of spectral indices,
and that assuming a fixed β = 1.7 gives better results than β = 1. A wide distribution of disk masses is also needed to produce
some cases with α< 2, as reported for some sources in the literature. Such extremely low spectral indices arise naturally when the
selected observing frequencies sample the appropriate change in the temperature structure of the optically thick model disk. Our
results show that protostellar disk masses could often be underestimated by>×10, and are consistent with recent hydrodynamical
simulations. Although we do not rule out the possibility of some grain growth occurring within the short protostellar timescales,
we conclude that self-obscuration needs to be taken into account.
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1. INTRODUCTION
Evidence has accumulated showing that disk formation oc-
curs during the protostellar stages: the so-called class 0 and I
Young Stellar Objects (Rodríguez et al. 1998; Jørgensen et al.
2009; Choi et al. 2010; Lee 2010; Murillo et al. 2013; Sakai
et al. 2014). For a review, see Li et al. (2014). The mass
reservoir in these disks is one of the most important initial
conditions for the posterior ‘protoplanetary disks’, or class II
YSOs. It is possible that protostellar disks build up in mass
through accretion from their envelope until they reach their
class II mass. However, inferred gas masses in protoplane-
tary disks vary over a wide range, from ∼ 10−5 to 10−1 M
(Bergin et al. 2013; Pascucci et al. 2016; McClure et al. 2016;
Ansdell et al. 2016; Miotello et al. 2017).
A number of detailed hydrodynamical simulations pro-
gressively including more physics show that protostellar
disks have a variety of properties, and that often they are
relatively massive compared to their parent envelope and
the corresponding stellar mass, reaching masses up to a few
×0.1 M for an envelope of one solar mass (Machida et al.
2014; Vorobyov et al. 2015; Ilee et al. 2017; Zhao et al. 2018;
Bate 2018).
Large protostellar disk masses may seem inconsistent with
previous observational determinations of Mdisk ∼ 0.01 to
0.1 M (e.g., Jørgensen et al. 2009; Tobin et al. 2013), but
mass estimations are sensitive to the selection of slope β
and normalization κ0 of the (sub)mm dust opacity power law
κν = κ0νβ , and could often be underestimated by ×10 or
more (Evans et al. 2017). Recent observations have indeed
shown the existence of massive, self-gravitating protostellar
disks (Tobin et al. 2016). Further evidence for a systematic
underestimation of protostellar disk masses could come from
observations of (sub)mm spectral indices significantly below
the optically-thin ISM value αISM = 2+βISM = 3.7. To date,
several protostellar objects have been reported to have in-
ferred β ≈ 0 to 1.5 (Chiang et al. 2012; Miotello et al. 2014;
Li et al. 2017; Gerin et al. 2017; Sheehan & Eisner 2017).
These low spectral indices are often interpreted as a signa-
ture of significant dust grain growth (Miotello et al. 2014), or
a combination of some grain growth and large optical depths
(Gerin et al. 2017). However, it is not clear if the few ×105
yr lifetime of protostars is long enough for dust to evolve sig-
nificantly (Ormel et al. 2009; Wong et al. 2016). Due to the
potentially very efficient inward migration of grown dust, it
is also not clear whether or not observations can be sensi-
tive to grain growth signatures during the embedded phase of
protostars (Vorobyov et al. 2018).
An alternative interpretation for the observed low spec-
tral indices is that there is significant self-obscuration due to
protostellar disks being partially optically thick, particularly
at higher frequencies, i.e., that they have masses Mdisk >>
0.01 M. This effect is enhanced if there is a temperature
gradient. Li et al. (2017) reported SMA observations where
the envelope is subtracted from an unresolved disk compo-
nent in the visibility domain, and showed that a simple two-
temperature model with a hot, relatively massive region in-
side a colder, also massive one was enough to reproduce the
low (sub)mm spectral indices in their disk sample. In their
interpretation, the hot, inner component – the inner disk –
is hidden at all frequencies > 100 GHz, and only starts con-
tributing to the observed flux at lower frequencies, thus flat-
tening the spectral index. More recently, Lee et al. (2017b)
presented astonishing ALMA images of an edge-on proto-
stellar disk with 8 au resolution which show a prominent dark
lane. This characteristic ‘hamburger’ morphology proves the
existence of self-obscuration at (sub)mm wavelengths in this
particular object. It also suggests the existence of a disk that
is warmer at inner radii and colder in its midplane. A sim-
ilar morphology is also evident, although not well resolved,
in the images of the ‘Butterfly Star’ presented by Gräfe et al.
(2013).
In this paper, we further explore the hypothesis that the
systematically low spectral indices observed in protostellar
disks are mainly caused by self-obscuration. In Section 2
we explain our fiducial physical model as well as the ra-
diative transfer calculations that were performed. In Sec-
tion 3 we describe the grids of models that were built to ex-
plore parameter space. Section 4.1 reports the trends in the
model spectral indices. Section 4.2 compares the ensemble
of model spectral indices to the observational sample of Li
et al. (2017). Section 5 presents a discussion of the implica-
tions of our results. In section 6 we give our conclusions.
2. FIDUCIAL MODEL
2.1. Model Structure
Given the current uncertainties on the detailed structure of
disks in class 0/I YSOs, we followed an empirical approach
to find a fiducial model that then could be scaled in mass
and adjusted in inclination angle. This fiducial model was
built to approximately match the recently reported observa-
tion of a resolved dark lane in the almost edge-on disk of
the class 0 YSO IRAS 05413–0104 (Lee et al. 2017b, 2018),
which drives the famous HH 212 jet (Lee et al. 2017a). This
‘hamburger’ is the first to be fully resolved at (sub)mm wave-
lengths, thanks to the power of ALMA long-baseline obser-
vations with a resolution of ∼ 20 mas (8 au at a distance of
400 pc). At these resolutions, (sub)mm continuum images
trace the ‘true’ disk without significant contributions from
the envelope (Lee et al. 2017b).
We use a standard accretion disk (Pringle 1981; D’Alessio
et al. 1998; Keto & Zhang 2010) with a density ρ that goes
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Figure 1. Fiducial model that approximately reproduces the resolved ‘hamburger’ reported by Lee et al. (2017b). Left: intensity map at 0.85
mm (352.7 Ghz) convolved with a 20 mas FWHM gaussian beam. Center: same as left but unconvolved. Right: corresponding optical depth τ
map.
as:
ρ = ρRρZ , (1a)
ρR = ρ0(Rd/R)2.25, (1b)
ρz = exp(−z2/2H2). (1c)
where ρ0 and Rd are normalization constants, R and z are
cylindrical coordinates, and H(R) ∝ R1.25 is the scale height
of the flared disk (Whitney et al. 2003; Keto & Zhang 2010).
The models presented in this paper are truncated at a radius
R = 68 au.
For the temperature profile we adopt the following pre-
scription (Pringle 1981; Keto & Zhang 2010):
T = TRTz, (2a)
TR = [T0R−3(1− (R?/R)1/2)]1/4, (2b)
Tz = exp[−(|z|−H)2/2H2]. (2c)
where T0 is a normalization constant and R? is the stellar ra-
dius, which we set to ×10 the main sequence value for a
0.3 M star, thus R? = 3.8 R, given that accreting protostars
should be significantly bloated compared to ZAMS stars of
the same mass due to their high accretion rates (Hosokawa
et al. 2010).
Figure 8 in Appendix 2.1 shows the central density and
temperature cuts for our benchmark across the disk midplane
and perpendicular to it. We explicitly include a colder mid-
plane, as indicated by recent observational determinations in
more evolved objects (e.g., Guilloteau et al. 2016). This is
expected if protostellar irradiation, including accretion heat-
ing, is dominant. The temperature decrease for |z| > H was
set as a simple way of having a smooth, non-divergent tem-
perature distribution. The exact shape of T (z) for |z|> H has
very little effect on the emissivity due to the very low densi-
ties in these regions. We set a minimum temperature in the
model grid Tmin = 10 K, and verified that the results are not af-
fected by changing this value between 5 and 20 K. The profile
normalizations are such that temperature and density of H2
particles are 121 K and 8.2×1011 cm−3 at 10 au in the mid-
plane, respectively. Total gas masses are calculated assuming
an H2 gas-to-dust mass ratio of 100 and Mgas = 1.4MH2 .
2.2. Radiative Transfer
The dust continuum radiative transfer was calculated us-
ing LIME (Brinch & Hogerheijde 2010). For a given line of
sight, the emergent monochromatic intensity is:
Iν(τν) = Iν(0)exp(−τν)+
∫ τν
0
exp(−τν + τ ′ν)Bν(τ
′
ν)dτ
′
ν , (3)
where Iν(0) is the background, taken as the CMB intensity,
the local source function is equal to the Planck function with
temperature T at τ ′ν , and the optical depth is τν =
∫
κνρdl.
Please note that the observed monochromatic intensity is pro-
portional to the mass per unit area Σ =
∫
ρdl only when the
emission is optically thin (τν << 1) and T and κν do not vary
along the line of sight. In this often assumed limiting case,
the estimated dust mass is M∝ κ−1, thus an uncertainty in the
opacity σκ translates into a mass uncertainty σM = (M/κ)σκ.
In the case of temperature variations or large optical depths in
the line of sight this simple case is not valid anymore. For the
calculations in this paper, a dust opacity power law κν ∝ νβ ,
β = 1.7, and κ1300µm = 1 cm2 g−1 are used throughout, i.e.,
we assume typical ISM dust (Draine 2006). In Section 4.2
we also consider the case with β = 1.
The physical models are created and plugged into LIME
using the tools presented by Izquierdo et al. (2018). There are
two grids to consider: the ‘native’ model grid and the LIME
grid. The former grid is cartesian and has a length of 200 au
divided in 200 cells per dimension. In contrast, LIME’s grid
for the ray-tracing is quasi-random with a larger density of
points in regions of larger mass density. The assignment of
densities and temperatures from the native grid to the LIME
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grid is also done by the ‘grid ingestor’ presented and tested in
Izquierdo et al. (2018). For our current application, we found
that 5000 LIME points are enough to produce correct results.
Small fluctuations in the output images at the level of a few
% (see Fig. 1) are corrected by calculating each of them ten
times and taking their median.
To avoid the allocation of too many LIME points in the
innermost regions with a size of the order of the native-grid
cell size, a minimum scale has to be defined in LIME. We
set it to 1 au. The missing flux at these scales is negligible
except for the lower-mass, lower frequency models, where
it amounts to ∼ 1− 5 % of the total. The output images are
resampled with a pixel size of 5 mas, or 2 au at 400 pc.
A small background intensity ∼ 10−8 to 10−7 Jy/pix in the
model images arises from the small background density left
in the model grid outside the disk. Therefore, this back-
ground intensity only depends on frequency and it was ex-
actly subtracted from the model images when fluxes were
calculated. In real interferometric images this background
would not appear since it would naturally be filtered out.
Table 1. Modelled Bandsa
Band Frequency
VLA/ALMA [GHz]
Ka 37
Q 43
Band 3 98
Band 4 145
Band 5 203
Band 6 230
Band 7 340
Band 8 405
aWe set the frequencies to
those used in the class 0/I
sample of Li et al. (2017).
We also included other
standard ALMA bands.
For the latter case the
frequency was selected as
the default continuum setup
from the ALMA techni-
cal handbook (https:
//almascience.eso.
org/).
2.3. Benchmark
The total mass in our fiducial model is Mdisk = 0.15 M.
With an inclination angle i = 87◦1 we were able to reproduce
the total flux (≈ 140 mJy at 850 µm), width of the dark lane
(≈ 40 mas), and average brightness contrast of the upper and
lower intensity peaks (≈ 1.14) of the resolved ‘hamburger’.
Figure 1 shows the corresponding model image and optical
depth τ850µm map.
We emphasize that it is not our purpose to reproduce the
observations of Lee et al. (2017b) to a fine-detail level, but
that creating such model served as a benchmark test to the
presented study of the systematic dependence of the (sub)mm
spectral indices on the disk mass and inclination angle. Also,
we intentionally did not pass the models through an assump-
tion of the interferometric instrumental response, since future
surveys of protostellar disks could have angular resolutions
ranging from ∼ 10 to 1000 mas and dissimilar noise levels.
We performed tests of the effects of independently increas-
ing the disk radius and adding an exponential tapering in the
density profile of the outer disk, since such tapering helps to
better reproduce the outer-disk appearance (e.g., Lee et al.
2017b). Increasing the disk truncation radius by 20 % in-
creases the Q-to-B6 and B3-to-B7 angle-integrated spectral
indices in the benchmark model by only∼ 4 %. On the other
hand, an exponential tapering in the outer disk increases the
local density at large radii. Figure 9 in Appendix A shows
a density cut and the resulting 0.85 mm image of such a ta-
pered model. The flux in the latter is only 1.5% higher than
in the untapered model. The effect on the spectral indices is
a small decrement of 1 % to 3 %, depending on frequency.
3. GRIDS OF MODELS
With the fiducial model defined, we created several grids
of model continuum images by varying the model density
normalization (its mass), observer’s inclination angle, and
frequency. A first illustrative grid, whose results are de-
scribed in Section 4.1, was created with disk masses varied
as Mdisk = 0.05, 0.15, 0.25, and 0.35 M.
In all grids, the inclination angle from the line of sight i
was varied from 90 to 0◦ in steps of 3◦. This fine angle sam-
pling was needed for the comparison to observational results
presented in Section 4.2. Also, the l.o.s optical depth τ varies
more rapidly close to i ∼ 90◦. The selected angle interval is
enough to capture the changes of spectral index α with angle
even when the system is close to edge-on.
Frequencies were selected from the observational sample
of Li et al. (2017), which correspond to standard ‘continuum’
settings at the VLA and SMA2 interferometers. We also cal-
1 We define the inclination angle such that the disk is viewed edge-on at
i = 90◦ and face-on at i = 0◦
2 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of Astron-
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culated model images at standard ALMA bands that could
be used to systematically observe class 0 and I protostars in
the near future. Table 1 summarizes the used frequencies and
their band naming convention.
The statistical comparison to observations presented in
Section 4.2 required the creation of a second grid of mod-
els with a more ample mass range. A third grid of models
with the same masses as the second but with β = 1 is also
considered. In total, our grids consist of 16616 model im-
ages.
4. RESULTS
4.1. Trends in Appearance and Spectral Indices
The following description of results correspond to the first
grid of models defined in the previous Section.
Our results confirm the intuitive expectation that promi-
nent dark lanes due to self-absorption within a temperature
structure such as the one we use are preferably seen when
one or more of the following conditions apply: large masses,
high frequencies, and large inclination angles. All of these
conditions help in producing large continuum optical depths
τ over increasingly larger fractions of the image (see Figs. 1
and 2).
At the lowest frequencies that we examine (the VLA Ka
band, ∼ 37 GHz) a prominent dark lane is not developed
even in the most massive Mdisk = 0.35 M, edge-on models.
In contrast, at the highest frequencies (ALMA Band 8, 405
GHz), even the lowest mass Mdisk = 0.05 M edge-on model
presents indications of a dark lane, although not prominently.
In the most used ALMA bands 6 and 7, a prominent dark lane
as wide as ∼ 50 mas is seen in the Mdisk = 0.35 M edge-on
images, but there is just a hint of it in the Mdisk = 0.05 M
ones. The currently lowest-frequency ALMA band (B3, 98
GHz) shows the signature dark lane only for disk masses
> 0.15 M, and a lack of it otherwise.
That a prominent dark lane is not present in fully re-
solved observations does not mean that there is not some self-
obscuration. Interestingly, the first effects of self-obscuration
can be more readily diagnosed from the spectral indices
α = log(F2/F1)/ log(ν2/ν1) obtained from angle-integrated
intensities (i.e., fluxes). The reason for this is that as the mass
and thus the optical depth are increased, then the intensity in
a given line of sight grows more rapidly for the lower- than
for the higher frequency. This decreases α in the given line
of sight, and can be measurable in the angle-integrated α if
observational errors are small enough. As self-obscuration
builds up by increasing mass, frequency, and/or l.o.s angle,
a respectively larger fraction of the image suffers the previ-
omy and Astrophysics and is funded by the Smithsonian Institution and the
Academia Sinica (Ho et al. 2004).
ously described process until it becomes very optically thick
(see Fig. 2). The resolved self-obscuration appears first as a
dark lane toward the center of the disk midplane, and extends
radially and vertically as the effect becomes more significant.
In reality, the detailed geometry of how this happens could
be different if our simple model assumption does not hold,
but it is reassuring that it it is consistent with the first fully
resolved image presented by Lee et al. (2017b). Low spec-
tral indices can also be produced when dust emission in one
or more of the observed bands is out of the Rayleigh-Jeans
limit (hν << kBT ). This effect can be appreciated toward the
outskirts of the model in the right panels of Fig. 2, but it con-
tributes very little to the spectral index of the entire object.
However, its consideration may become relevant as fully re-
solved images become more common.
Figure 10 in the Appendix B shows a compilation of the
spectral indices for pairs of bands that are consecutive in fre-
quency. Even though this would not be the best thing to do
observationally because errors in the spectral indices would
be larger than for bands that are more separated in frequency,
we present the data in this way so the increasing importance
of the effect with increasing frequency can be fully appreci-
ated. Errors in the pure model spectral indices are mainly de-
termined by the small leftover fluctuations in the median im-
ages and the 1 au radius central hole in the LIME calculations
(see Section 2.2). They are σα,model ∼ 0.02 for the lower-
frequency, lower-mass calculations, and rapidly decrease to
negligible levels for higher masses and frequencies.
Figure 3 shows the spectral indices for two pairs of bands
that are among the most commonly used in the literature,
mostly in studies of more evolved protoplanetary disks (e.g.,
Carrasco-González et al. 2016; Tazzari et al. 2016): VLA Q
to ALMA Band 6 αQ−B6 and Band 3 to Band 7 αB3−B7. For
the lower-mass Mdisk = 0.05 M model, αQ−B6 varies from
3.56 to 3.32 when i is varied from 0◦ to 90◦. The respec-
tive variation for the most massive disk Mdisk = 0.35 M is
αQ−B6 = 3.16 to 2.81. On the other hand, αB3−B7 varies with
angle from 3.38 to 3.02 for the least massive disk, and from
2.75 to 2.48 for the most massive disk.
Assuming a flux calibration error of 10% at each band,
typical observational uncertainties in these two spectral in-
dices would be ∆α ∼ 0.1. Therefore, angle-integrated mea-
surements of αQ−B6 at angles closer to edge-on than face-
on would be distinguishable from the value for optically-thin
ISM dust αISM = 3.7 for all disk masses > 0.1 M. Sim-
ilarly, observations of systems close to face-on would only
have a αQ−B6 clearly discernible from the ISM value for the
most massive disks. The effects of self-obscuration are more
readily noticeable for αB3−B7, which is clearly below αISM at
high significance for all masses and inclination angles, except
possibly for the least massive, face-on model.
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Figure 2. Selected model and spectral index images. Top row: model with Mdisk = 0.05 M. Left: Q-band image. Center: Band 7. Right:
corresponding spectral index map. Bottom row: same as top row but for Mdisk = 0.55 M.
Figure 3. Spectral indices as a function of inclination angle for representative, often-used combinations of bands. Different colored symbols
are for different model masses.
From the above described trends, it can be concluded that
spectral indices between all ALMA bands are significantly
affected by self-obscuration for all models except the least
massive one, regardless of inclination. To allow the reader
for more specific comparisons of their interest, a table with
fluxes is given in the online-only version of this paper.
4.2. Comparison to Observational Sample
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4.2.1. (Sub)millimeter spectral indices from model grids
In this section, we further investigate the effect of viewing
angles and the selection of observational frequency bands on
the distribution of spectral indices. To do so, we linearly in-
terpolated the model grid originally sampled every 3◦ to 180
different inclination angles i which uniformly sample cos i in
the range [0,1].
For every disk mass and inclination angle, we fit the re-
spective spectral index αRJ3 for different selections of obser-
vational frequency bands. Figures 4 and 5 show the proba-
bility distribution functions of the fitted spectral indices pαRJ
for every disk mass and for an assumed β = 1.7 and 1, respec-
tively. The selection of frequencies in each panel of Figs.
4 and 5 is intended to sample several observational setups
varying from rich data sets with many frequency bands, to
more modest – and frequent – cases where only a couple of
bands are available. The histogram of pαRJ for each mass has
two peaks at its low- and high-αRJ ends. The high-αRJ peak
arises from the fact that the probability of observing a disk
close to edge-on is higher than of observing it close to face-
on, whereas the peak at low αRJ is due to the optical depth
changing slower with inclination when the disk is closer to
face-on (this can also be seen in Fig. 3).
We found that for a fixed disk mass in the range 0.01 to 2
M, randomly distributed inclination angles are not enough
to broaden pαRJ to cover the range of values reported by Li
et al. (2017). To interpret the widely distributed range of ob-
served αRJ values (Section 4.2.2), one either needs to assume
a broad range of observed disk masses, or a range of dust
opacity indices β, or both.
Intriguingly, some fits yield values αRJ < 2. This happens
when the selected frequencies sample the appropriate change
in the temperature structure within the model disk. Three
conditions need to be fulfilled: 1) having a temperature gradi-
ent along the line-of-sight, 2) having large dust optical depths
(τ >> 1), and 3) the physical depth sampled by the l.o.s vary
significantly with frequency. Thus, the unexpected low val-
ues of αRJ < 2.0 are due to the transition from hotter black
body emission at lower frequencies to cooler black body
emission at higher frequencies. In our model grids, αRJ < 2
occurs only for high masses (Mdisk > 0.53 M), preferably
using combinations of high frequency bands (above Band 6),
and at all inclination angles but preferably closer to face-on,
in which case the temperature gradient sampled between dif-
ferent bands is larger.
Spectral indices < 2 have indeed been reported several
times in the literature (Jørgensen et al. 2009; Miotello et al.
3 Often referred to as βRJ+2.0. We prefer to refer to αRJ , since one of the
main results of this paper is that low α’s can be obtained without changing
β.
2014; Li et al. 2017; Liu et al. 2018). Sometimes they have
been attributed to calibration errors, very low dust temper-
atures (e.g., Hirano & Liu 2014), or a significant contribu-
tion of free-free emission (Liu et al. 2017). In some cases, a
very low dust temperature can be ruled out from the observed
brightness temperatures (Li et al. 2017).
Counterintuitively, a comparison of the bottom two panels
of Figure 4 and 5 shows that αRJ < 2.0 can be more easily
achieved with the assumption of β = 1.7 than with β = 1.0.
This is due to the faster change of τ with frequency in the
former case.
4.2.2. Observed probability distribution function of
(sub)millimeter spectral indices
In this section and the next we investigate whether or not
fixing the intrinsic β to 1.7 is enough to reproduce pαRJ as
derived from the observations reported by Li et al. (2017).
We take from Li et al. (2017) the best Rayleigh-Jeans fits
for the (sub)millimeter dust opacity indices (βRJ) for nine
Class 0/I YSOs, namely: L1448 CN, NGC 1333 IRAS2A,
NGC 1333 IRAS4A1, NGC 1333 IRAS4A2, Barnard 1b-N,
Barnard 1b-S, L1527, Serpens FIRS1, and L1157. From the
fitted βRJ , we define αRJ = βRJ +2 and work with this quantity.
To have a more fair comparison with our grids of mod-
els (Section 3), we redo the fits for Barnard 1b-N and
Barnard 1b-S without including the 280 GHz measurements.
We obtain αRJ =3.19 and αRJ =3.65, respectively, both in
good agreement with the original fits. From a comparison of
the best fit and median values given in Table 4 of Li et al.
(2017), we estimate a nominal Gaussian measurement er-
ror σ(αRJ) = 0.2. We then re-sample αRJ for each of the
nine sources 1000 times by adding the estimated noise, and
produce an approximated αRJ probability distribution func-
tion (PDF) pαRJ from the 9000 samples of αRJ . We note
that we cannot infer pαRJ based on a Bayesian approach,
given that our observational sample size is small and that it
is not clear how to make an appropriate assumption about
the a priori distributions of the parameters. Our present ap-
proach for obtaining pαRJ is a compromise in this sense, and
thus the pαRJ that we obtain may be broader than the actual
PDF by ∼ σ(αRJ). Nevertheless, the present error in pαRJ
is likely dominated by stochastic effects due to the small
observational sample, and not by the way in which way we
determine σ(αRJ) and pαRJ .
4.2.3. Comparing weighted averages of models to observations
As mentioned in Section 4.2.1, we consider 180 inclina-
tion angles i which uniformly sample cos(i) in the range [0,
1]. In addition, we produced 3×104 random samples of disk
masses assuming that the probability to find a disk with mass
between M and M + dM, P(M), is proportional to M−γ . We
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Figure 4. Probability distribution function pαRJ of the spectral indices obtained from fitting all (top panel) and selected frequency bands in the
model grid with intrinsic β=1.7.
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Figure 5. Same as in Fig. 4, but for the model grid with intrinsic β=1.0.
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Figure 6. Left column: probability distribution function of the spectral indices pαRJ obtained from fitting selected bands in the model grids
(see Section 4.2) and from the observations of Li et al. (2017). From top to bottom are shown the results of assuming a power-law index of
the disk mass distribution functions γ = 0.83, 0.0, and 2.35, respectively (see Section 4.2.3). We present histograms of our randomly sampled
disk masses in the right column. The observational data and the model grid values were resampled assuming a nominal Gaussian spectral index
error of 0.2.
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explored several cases between γ = 2.35 and γ = 0.0, and con-
sider the case with γ = 0.83 (with a nominal error of∼±0.05)
as our fidicual value to compare to observations. The choice
of γ = 2.35 was motivated by the stellar initial mass func-
tions (IMF) proposed by Salpeter (1955), while the choice of
γ = 0.0 (flat mass distribution) provides another extreme for
comparison. We adopted lower and upper disk mass cutoffs
at 0.012 M and 2.290 M, respectively. We note that for
our fiducial case and for γ = 2.35, the exact value for the up-
per cutoff is not important since the cumulative probabilities
for disks at > 2 M are very low. Our present lower mass
cutoff is realistic considering the typical detection limits of
the measurements in Li et al. (2017).
To mimic the observations of the nine Class 0/I sources
reported by Li et al. (2017), we fit αRJ for each of the
180×30000 interpolated models using the following six sets
of frequencies in GHz: [37, 43, 230, 340], [37, 43, 98, 203],
[37, 230, 340], [37, 98, 230, 340], [43, 98, 230, 340], and
[43, 230, 340]. We then averaged the fits from these six
sets of frequencies assuming a relative weighting of [2.0, 1.0,
2.0, 1.0, 1.0, 2.0], as was the case for the observed sources
in Li et al. (2017). Similarly to what we did to produce
pαRJ from the observations, we re-sampled 100 times the
derived αRJ for each of the individual 180×30000 models,
by adding the observational σ(αRJ) = 0.2 Gaussian random
noise, and then evaluated an approximated pαRJ from these
180×30000×1000 samples.
The left column of Figure 6 shows the comparison of pαRJ
evaluated from the interpolated grids of β =1.7 models with
that evaluated from the observations (Section 4.2.2). The
right column presents histograms of our randomly sampled
disk masses. We found that pαRJ for the flat disk-mass distri-
bution γ = 0.0 has an excess of low αRJ values compared to
observations. In contrast, pαRJ for γ = 2.35 presents an excess
of high αRJ values. A γ value in between these two extreme
cases, such as our fiducial γ = 0.83, can naturally explain the
observed pαRJ . From figure 4 we can see that when assuming
an intrinsic β ∼1.7 for a broad range of disk masses, the vari-
ation of αRJ is approximately proportional to the variation of
log(Mdisk). To yield a rather uniform sampling of αRJ as in
the observational pαRJ thus requires the value of γ to be close
to 1.0.
On the other hand, figure 7 shows that assuming a constant
β =1.0 makes pαRJ to be too biased toward low values com-
pared to observations. With the assumption of β =1.0, to ex-
plain the population of the observed sources with αRJ ∼3.5,
it is needed to artificially enlarge the assumption of mea-
surement errors which will however also produce too many
sources at unrealistically low αRJ .
5. DISCUSSION
5.1. On the origin of low spectral indices
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Figure 7. Same as in the left column of figure 6, but for the model
grid with an intrinsic β=1.0.
We were able to reproduce the observed distribution of dust
spectral indices in the protostellar sample of Li et al. (2017)
without invoking a decrease in the (sub)mm dust opacity
power-law exponent β from the typical ISM value of 1.7.
This does not mean that some grain growth cannot occur in
protostellar disks, but it certainly suggests that there is no
need to invoke dust evolution to the levels inferred in class II
samples (Testi et al. 2014) within the ×10 shorter protostel-
lar lifetimes as compared to class II lifetimes (Dunham et al.
2014).
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Recent (sub)mm polarization studies have shown that the
properties of self-scattered emission can be modelled to infer
the degree of grain growth (Kataoka et al. 2015). Quantitative
determinations of maximum grain sizes using this technique
have found amax ∼ 60−150 µm for class I and II YSOs (e.g.,
Yang et al. 2016; Kataoka et al. 2016; Hull et al. 2018), which
seems in ‘tension’ with grain growth as inferred from spec-
tral indices4. However, it is not clear to which extent self-
scattering can dominate over magnetic-field alignment in the
polarized emission (e.g., Lee et al. 2018; Girart et al. 2018).
It is possible that in class 0 and I protostars magnetic fields
tend to dominate (Alves et al. 2018; Liu et al. 2018). We
conclude that self-obscuration due to relatively high masses
and temperature structure could be an important part of the
puzzle, helping to explain low spectral indices without need-
ing to invoke significant dust evolution at the earliest YSO
stages.
Indeed, we found that when a temperature gradient is
present and there are large changes of effective optical depth
with frequency, the R-J spectral index measured from the
models can be αRJ < 2.0, as it has been reported for some ob-
jects. These observational measurements, if not due to cali-
bration errors, cannot be reproduced by decreasing the intrin-
sic β values alone, but need the above mentioned conditions
for objects with a range of masses and inclination angles.
The way in which pαRJ is sensitive to the assumption of the
power law γ for an underlying ‘protostellar disk mass func-
tion’ is intriguing. A value γ = 0.83 matches well current
observations, and it resembles the power-law index of the
Miller & Scalo (1979) or Kroupa (2001) IMF in the specific
stellar mass range of∼0.01-1 M. However, any relation be-
tween the class 0/I disk masses and the final stellar mass is
far from clear. Also, the observations of Li et al. (2017) may
be subject to target selection biases. Future surveys of larger
samples of protostars may provide more robust conclusions
on this topic.
5.2. Massive protostellar disks and implications
for planet formation
Our results show that a range of protostellar disk masses
Mdisk ∼ 0.01 − 2 M is needed to explain the wide ob-
served range of (sub)mm spectral indices. Masses > 0.1 M
are larger than many determinations in the literature, which
often assume optically-thin dust emission (see Section 1)
and/or (sub)mm dust opacities κν well above our selection of
κ230GHz = 1 cm2 g−1, which we consider to be already close
to the high end of valid values. Often, higher (sub)mm opac-
ities are used (and lower masses are obtained) because the
normalization of the seminal paper by Beckwith et al. (1990)
4 For a maximum grain size ∼ 100 µm, the expected β0.8mm−9mm is not
smaller than 1.5, regardless of composition, see, e.g., Testi et al. (2014).
at 1 THz is used with β < 1. However, we think that this
selection is questionable because the normalization κ0 and
exponent β are not really independent from each other (see,
e.g., D’Alessio et al. 2001; Draine 2006). To get β as small
as ∼ 0, it requires the maximum grain size to be >> 1 cm,
in which case dust cannot emit efficiently at (sub)mm wave-
lengths, i.e., the value of κν at these wavelengths ought to be
small, and the derived masses are therefore large compared
to a high-κ assumption. In summary, we believe that our re-
sult on the need for some protostellar disks significantly more
massive than 0.1 M is a robust one.
Without considering the complicated physics of dust frag-
mentation and inward migration (e.g., Birnstiel et al. 2010),
one may naively expect that the more massive protostellar
disks would have more efficient grain growth due to higher
collision rates. If this is approximately true, then a more real-
istic model assumption may be to allow the lower mass disks
to have β ∼1.7 and the higher mass ones to have smaller β.
Such an assumption would yield a pαRJ broader than that pre-
sented in the top row of figure 6 (β =1.7, γ =0.83). Therefore,
our present fiducial γ may be considered as a lower limit.
A more realistic dependence of β with disk mass could
be provided from hydrodynamic simulations which self-
consistently evaluate dust grain growth and migration (e.g.,
Vorobyov et al. 2018). Also, better observational constraints
will come from current and future ALMA and VLA surveys
of protostellar disks.
Finally, if protostellar disk masses are systematically larger
than often thought, it is also possible that the initial seeds of
planet formation are already present since the class 0/I stage
(e.g., Zhu et al. 2012). Such scenario would help to solve
the apparent mass-budget problem currently being debated
for the more evolved class II protoplanetary disks, which of-
ten appear to have less mass than the necessary to form giant
planets (e.g., Ansdell et al. 2016; Miotello et al. 2017). Mas-
sive disks can be gravitationally unstable (e.g., Evans et al.
2017; Vorobyov et al. 2018), but the development of instabil-
ities such as spiral arms does not preclude the formation of
a rotationally-supported disk-like structures inside the cen-
trifugal barrier, aided by turbulence, non-ideal MHD effects,
and dust chemistry (e.g., Seifried et al. 2015; Lizano & Galli
2015; Zhao et al. 2016, 2018).
6. CONCLUSIONS
- We have shown that self-obscuration in protostellar disks
with an appropriate temperature gradient has important ef-
fects in their appearance. The most striking feature is the
existence of dark lanes, which, as expected, become more
prominent with increasing mass, inclination angle, and ob-
serving frequency.
- Self-obscuration also has important effects in the mea-
sured spectral indices, making them significantly smaller
PROTOSTELLAR HAMBURGERS 13
than the typical value for optically-thin ISM dust αISM ≈ 3.7.
From our model grids, we conclude that spectral indices be-
tween all ALMA bands are significantly affected by self-
obscuration for all models with Mdisk & 0.05, regardless of
inclination.
- Determinations of protostellar disk masses could often be
underestimated by>×10. Sensitive, high-angular resolution
continuum observations at frequencies ν < 50 GHz may be
crucial to truly unveil the density structure and mass budget
of protostellar disks in optically-thin dust emission. ALMA
Band 1 (Di Francesco et al. 2013) and a future Next Genera-
tion VLA (Isella et al. 2015) would be the main facilities to
achieve this.
- From a comparison of the inferred probability distribution
functions of spectral indices pαRJ as derived from our model
grids and the available observations, we find that a distribu-
tion of disk masses in the range Mdisk = 0.01−2 M is needed
to reproduce the data, and that assuming a fixed β = 1.7
gives better results than β = 1. However, some level of dust
evolution cannot be discarded during the short protostellar
timescales.
- A wide disk mass distribution is also needed to produce
cases with α < 2, as has been reported for some sources
in the literature. Such extremely low spectral indices arise
when the selected observing frequencies sample the appro-
priate change in the temperature structure of the optically
thick disk.
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APPENDIX
A. FIDUCIAL MODEL STRUCTURE
Figure 8 shows central cuts of density and temperature in the fiducial (Mdisk = 0.15 M) model midplane and perpendicular to
it. Densities are in particles of H2 cm−3. Temperatures are in K. The density grids for all the other models scale linearly with the
total model mass. Figure 9 presents an example of a model with a an exponential tapering in the outer disk. We use the model
library presented by Izquierdo et al. (2018), which includes a variety of model prescriptions other than the ones assumed in this
paper.
(a) (b)
(c) (d)
Figure 8. (a) Midplane density. (b) Vertical density. (c) Midplane temperature. (d) Vertical temperature.
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Figure 9. Left: midplane density of tapered model. Right: resulting 0.85 mm image as in Fig. 1.
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B. COMPILATION OF FLUXES AND SPECTRAL INDICES
Figure 10 shows the spectral indices for additional frequency pairs than those presented in Fig. 3. The file fluxes_hamburgers_journal.txt
contains the background-subtracted model fluxes for the representative grid of models.
Figure 10. Spectral indices for consecutive observing bands.
